Abstract
Introduction

44
In recent years the dramatic increase in concerns regarding the environmental impact of 45 using fossil fuels, and their accompanying cost, have driven governments, business and 46 consumers towards cleaner energy resources and the use of alternative methods for more 47 efficient energy utilisation. Currently, buildings consume around 40% of the world's 48 primary energy for cooling, heat and power [1] . Most of this energy is from electricity 49 generated at centralised power stations; where at present up to 70% of available energy 50 is wasted. The overall system efficiency is low at 30-40%, leading to a high waste of 51 energy resources, resulting in considerable CO2 emissions and unnecessarily high running 52 costs. Reducing the energy consumption of buildings can make a substantial contribution 53 towards attaining the EU's 2020, the UK's 2050 and other international carbon emission 54 targets. But this will only be achieved by moving from conventional centralised power 55 generation systems to onsite highly-efficient clean micro-generation technology [2] [3] [4] . 56
57
One of the most promising possibilities for clean micro-generation is solid oxide fuel cell 58 (SOFC) technology, which can generate electricity directly through an electrochemical 59 reaction which brings together hydrogen and oxygen. The only by-products are waste 60 heat, water vapour, and depending on the fuel used a modest amount of CO2. Chemical 61 to electrical energy conversion efficiencies can be over 50% compared to 30-40% in 62 combustion processes, such as internal combustion engines (ICE) and gas turbines. 
Solid oxide fuel cell component
213
The SOFC used for tri-generation system development and field trial testing in a building 214 application is the BlueGEN CHP unit manufactured by Ceramic Fuel Cells Ltd (CFCL). 215
BlueGEN is a commercially available SOFC CHP system designed for small to medium scale 216 building applications. Operating on natural gas, the unit can be power modulated from 217 500We (25%) to 2kWe (100%), however it achieves its highest net electrical efficiency of 218 60% at a 1.5kWe output. As a result, CFCL have optimised the default operation of the 219 unit at 1.5kWe to provide the highest electrical efficiency and thus greatest economic 220 benefit to the user. The BlueGEN SOFC unit consists of 51 planar type YSZ (Yttria-221 stabalised Zirconia) electrolyte layer sets (each layer consist of 4 cells), and operates at 222 750°C. Hydrogen is produced from natural gas by internal steam reforming (endothermic) 223 on the fuel cell anode, utilising the heat of the electrochemical reaction (exothermic) to 224 create a chemical combined cycle. The BlueGEN SOFC unit is certified for domestic building 225 installations and qualifies for the UK FiT (feed-in-tariff); a tariff paid to the consumer per 226 kWh of generated electricity. The BlueGEN SOFC unit is installed at The University of 227 The SOFC unit is connected electrically, in parallel, to the national grid in order to export 233 or import power as required. The SOFC unit is connected to the natural gas grid. A waste 234 heat recovery (WHR) circuit delivers the generated heat from the SOFC unit directly to the 235 homes 300L hot water cylinder, which is supplemented by an auxiliary gas boiler. 236
Currently, the BlueGEN's estimate operational lifetime is 15 years; however the unit 237 requires stack replacement every five years. For tri-generation system integration, the 238 liquid desiccant system is installed in-line between the SOFC unit and hot water cylinder, 239 as shown in with an electrical efficiency of 55-60% and availability for power generation of 91.7%. Due 263 to the time taken to heat the stack to 750°C and to avoid thermal cycling, the SOFC unit 264 operates continuously, always aiming to maintain a 1.5kWe output. As seen in Figure 3 as 265 the stack efficiency degrades over time the fuel input is increased to compensate for this. 266
At an electrical efficiency of 60% the fuel input is 2.5kW. After 4000 hours of operation 267 
Liquid desiccant component
309
A liquid desiccant air conditioning system developed by the authors specifically for tri-310 generation/waste heat driven system applications, in particular with SOFC technology, has 311 been previously documented in detail in [39] . The desiccant system uses a semi-312 permeable micro porous membrane based cross flow contactor, operating with a low cost, 313 environmentally friendly, non-corrosive potassium formate (CHKO2) desiccant solution. 314
The merits and operational considerations of employing a potassium formate desiccant 315 solution over other commonly used liquid desiccants such as lithium chloride or calcium 316 chloride are provided in a previous work [36] . 
Energetic performance analysis assessment
370
Due to the SOFC's operational issues it was not available for tri-generation system 371 integration. As a result, the paper uses empirical SOFC component data presented in 372 section 2.1 and liquid desiccant component data presented in section 2.2 and [39] to 373 perform a theoretical integration analysis of the novel system. Although the paper uses 374 empirical SOFC and liquid desiccant component data to perform the theoretical integration 375 analysis, the technical feasibility of tri-generation system integration is practical. This is 376 because both the SOFC thermal output and liquid descant thermal input are both 377 considered low-temperature (40 -60°C) and operate at atmospheric pressure. 378
Furthermore, in a domestic building context, the SOFC and liquid desiccant components 379 can be connected using standard heating system copper/plastic pipe. Similarly, typical 380 domestic heating system three port solenoid valves control the flow of thermal energy 381 between the SOFC component and domestic hot water / liquid desiccant regeneration 382 requirements. 383
384
Using empirical WHR flow water temperature from the SOFC CHP system, shown in Figure  385 4b, and empirical liquid desiccant component data from [39] , the COPth and resulting 386 cooling output of the liquid desiccant system, operating with the SOFC CHP system's 387 thermal output, is determined. Using these data tri-generation system efficiency (ߟ ௧ ) is 388 calculated. Tri-generation system efficiency is defined in Equation 4 as the ratio of the 389 overall tri-generation system energy conversion (electricity and heating and/or cooling) 390 over the total amount of energy input to the system. 391 392 Table 1 presents the results from the integration of the SOFC and liquid desiccant 396 components into a complete tri-generation system at a net 1.5kWe and 2kWe output, with 397 a desiccant system inlet air condition of 30°C and 70% relative humidity. In order to obtain 398 balanced desiccant system operation, the desiccant solution volumetric flow in the 399 dehumidifier and regenerator (shown in Table 1 
406
The system integration, based on empirical data, demonstrates high tri-generation system 407 efficiency in the range of 68-71% is attainable when combining SOFC and liquid desiccant 408 air conditioning technology. The SOFC unit has a low heat to power ratio, particularly at 409 the 1.5kWe condition, this is because it is an electrically optimised device (fuel utilisation 410 of~85%). As a result, there is limited thermal output available for desiccant solution 411 regeneration. However, the liquid desiccant system, operating with a potassium formate 412 solution at a 0.65-0.7 solution mass concentration, has a low regeneration temperature 413 requirement, and thus makes good use of the low-grade heat output from the SOFC to 414 generate a meaningful quantity of dehumidification/cooling. At the 2kWe condition, 415 electrical efficiency is lower, but the thermal efficiency is higher. As a result, almost 650W 416 of cooling is produced. The inclusion of liquid desiccant air conditioning technology 417 provides an efficiency increase of 9-15% compared to SOFC electrical operation only, 418 demonstrating the potential of the system in building applications that require 419 simultaneous electrical power, heating and/or dehumidification/cooling. The performance 420 of the novel tri-generation system is competitive with other systems of this capacity 421 reported in the literature [7, 9, 22, 43] . 422 423 Table 1 shows that CHP and tri-generation efficiency is highest for the 2kWe case. However 424 the primary energy demand (PED), cost and emission savings, compared to an equivalent 425 base case system are highest for the 1.5kWe case. The base case system is defined as a 426 conventional separate system, comprising grid electricity, natural gas fired boiler and 427 electrically driven vapour compression system (VCS). The capacities of the base case 428 system components are assumed equal to the respective electrical (1.5kWe / 2.0kWe), 429 heating and cooling capacities of the tri-generation system employed in the comparison. 430
The electrical efficiency of the base case system has been assumed as 33%, a figure  431 considering the efficiency of utility scale electrical generation plus transmission losses [9] . 432
The thermal efficiency of the gas fired boiler has been assumed as 90%. The electrical 433 coefficient of performance (COPel) of the VCS is assumed constant at 2 [44]. Thus, the 434 overall efficiency of the base case system can be calculated for any given electrical, heat 435 and cooling output from the SOFC CHP / tri-generation system. Table 1 lists the associated  436 cost and emission factors of grid electricity and natural gas used in the assessment. These 437 are typical of the UK. Because electricity has a higher associated cost and emission 438 compared to natural gas, greater savings are made for the 1.5kWe case due to the higher 439 electrical efficiency. In tri-generation cooling mode, relative cost and emission reductions70% respectively, demonstrating the potential of a first-of-its-kind SOFC liquid desiccant 442 tri-generation system for building applications. The aim of this section is to conduct a detailed economic and emission performance 457 analysis assessment of the novel SOFC liquid desiccant tri-generation system. This is to 458 determine whether it is a viable alternative to other comparable systems. The assessment 459 uses the SOFC tri-generation system performance data presented in Table 1 operating at 460 a 1.5kWe and 2.0kWe capacity, and compares it to an equivalent base case system 461 comprising grid electricity, natural gas fired boiler and electrically driven VCS. As in the 462 energetic analysis, presented in section 2.3, the capacities of the base case system 463 components are assumed equal to the respective electrical (1.5kWe / 2.0kWe), heating 464 and cooling capacities of the tri-generation system employed in the comparison. The 465 electrical efficiency of the base case system has been assumed as 33%, thermal efficiency 466 of the gas fired boiler has been assumed as 90% and the COPel of the VCS is assumed 467 constant at 2. 468 Generally, in engineering projects investors consider a SPBP of five years as acceptable. 525
The SPBP does not account for the time value of money; however it is a useful tool for the 526 quick assessment of whether a project or system is a viable option. 527 528 SPBP = ‫ܫ‬ Annual savings 529 subtracting the annual total cost (ATC) of the base case system from the annual total cost 533 of the proposed system. 534 535 In the UK, fuel cell CHP of 2.0kWe or less qualifies for the micro-generation FiT [47] . Under 543 this scheme, the UK government pays 0.125£.kWh -1 of electricity generated, regardless 544 of whether it is consumed or exported. Where relevant, the economic assessment 545 considers the FiT. 546 Figure 7a and Figure 7b show the respective NPC of the 1.5kWe and 2.0kWe tri-generation 548 systems and equivalent base case systems over a 15 year period. The assessment 549 considers the performance of the tri-generation system with and without FiT support. The 550 initial NPC in year 0 is the system investment cost, which is much higher for the tri-551 generation system compared to the base case. The NPC of the systems increases over 552 time due to the annual operating costs. The tri-generation system with FiT support displays 553 only a marginal increase in the NPC over the 15 year period because the FiT almost pays 554 for the annual operating cost of the system. For the tri-generation systems, an NPC spike 555 is seen at year five and ten; this is due to the stack replacement requirement. The small 556 dip in NPC at year 15 is due to the scrap value of the systems. Without FiT support, the NPC of both the 1.5kWe and 2.0kWe tri-generation systems are 569 26% and 10% higher than the equivalent base case systems respectively. However, with 570
Economic assessment results 547
FiT support there is a 31% and 90% reduction in the NPC of the 1.5kWe and 2.0kWe tri-571 generation systems compared to the equivalent base case systems respectively. When the 572
FiT is considered the annual revenue means the tri-generation systems have a favourable 573 NPC compared to the base case in year 11.5 for the 1.5kWe tri-generation system and 574 year 7 for the 2.0kWe tri-generation system. The NPC of the 1.5kWe tri-generation system 575 is lower than the 2.0kWe tri-generation system when no FiT is considered, but higher when 576 the FiT is considered. The higher NPC seen in the 2.0kWe tri-generation system without 577
FiT is due to the higher fuel input requirement, and thus higher annual operating costs. 578
However, when FiT is considered the 2.0kWe tri-generation system provides greater annual 579 revenues and thus a lower NPC. Both with and without FiT support, the 2.0kWe tri-580 generation system has a lower SPBP compared to the 1.5kWe tri-generation system. 581
Although the 2.0kWe tri-generation system suffers an electrical efficiency reduction and 582 thus a greater fuel input, the higher electrical capacity means it is offsetting more grid 583 derived electricity. Per kWh, grid derived electricity has a higher associated cost compared 584 to natural gas, and thus the SPBP of the 2.0kWe tri-generation system is lower. 585 Furthermore, the 2.0kWe tri-generation system has a greater cooling output, and thus the considered. Natural gas unit cost affects both the tri-generation and base case system's 614 NPC. As the unit cost of natural gas increases from 0.01 to 0.1£.kWh -1 the NPC of both 615 the tri-generation and base case systems increase. The tri-generation system is more 616 sensitive to changes in the unit cost of natural gas compared to the base case system due 617 to a greater proportionate demand. For the 1.5kWe tri-generation system there is not a 618 natural gas unit cost that makes the tri-generation system favourable i.e. a NPC break-619 even point. As the natural gas unit price is increased the reduction in NPC between the 620 base case and tri-generation system increases, and as a result the SPBP increases. As the 621 natural gas unit cost is increased from 0.01£.kWh -1 to 0.1£.kWh -1 the tri-generation 622 system SPBP increases from 14 years to 51 years. The 2.0kWe tri-generation system does 623 have a NPC break-even natural gas unit cost of 0.0233£.kWh . Based 634 purely on economic performance, the novel tri-generation system is more suited to 635
European locations, where on average the unit cost of electricity is higher than Asia and 636 the Americas. As discussed in Figure 8a , the 2.0kWe tri-generation system has a lower 637 NPC break-even electrical unit cost. As a result, the 2.0kWe system is almost feasible in 638 the current Australian economic climate. Section 3.2 assesses the environmental 639 performance of the tri-generation system in the same countries. The aim is to highlight 640 any geographical similarities or differences between the economic and environmental 641 feasibility of the novel system. 642 Figure 10a shows the NPC of the 1.5kWe tri-generation system and equivalent base case 648 system with respect to the SOFC capital cost. The capital cost of the tri-generation system, 649 operating at a 1.5kWe capacity, needs to be £9715 or less for it to be economically viable 650 compared to the base case system. At a 2.0kWe capacity the required SOFC capital cost is 651 £16135. As the capital cost of the SOFC increases, the SPBP increases. At the 1.5kWe NPC 652 Within a UK economic climate it has been demonstrated that the NPC of the novel tri-675 generation system is only favourable when FiT is considered, in which case the 2.0kWe 676 output is best. The tri-generation system has a lower annual operating cost than the base 677 case; however, NPC and SPBP analysis demonstrates that the novel system is currently 678 uneconomical. This is primarily due to the SOFC capital cost and the requirement of stack 679 replacement, not the liquid desiccant unit capital cost. In the current UK economic climate 680 the SOFC capital cost needs to be less than £9000 for the tri-generation system to be 681 competitive. This is a cost estimate supported by Staffell Currently, the tri-generation system becomes competitive, and even demonstrates good 695 profitability, compared to the base case system when a government's financial support, 696 such as the FiT, is considered. However, with continued instability in governmental support 697 for low carbon sustainable energy, the novel tri-generation system needs to become 698 economically viable in its own right for it to be considered a viable alternative to 699 conventional energy supply. Furthermore, a 2.0kWe base load capacity is large, and Figure 11a shows the annual CO2 emissions of the 1.5kWe and 2.0kWe tri-generation 743 systems and equivalent base case systems with respect to natural gas emission factor. 744
Over the investigated natural gas emission factor range of 0.05 to 0.3kgCO2.kWh -1 , the 745 tri-generation system always has a lower annual CO2 emission. Both the tri-generation 746 and base case systems have a natural gas requirement. However, the greater 747 proportionate natural gas demand in the tri-generation system means its annual CO2 748 emission reductions are more sensitive to changes in the natural gas emission factor. 749
Consequently, as the natural gas emission factor is increased, the relative reduction in 750 annual CO2 emissions compared to the equivalent base case systems is diminished. The2.0kWe tri-generation system is more sensitive to changes in the natural gas emission 752 factor than the 1.5kWe tri-generation system due to a lower electrical efficiency. (a) (b) have an energy system that is largely characterised by the use of nuclear and renewables. 775
As a result, the average electrical emission factor is low. Figure 12 shows that the 1.5kWe 776 and 2.0kWe tri-generation system is most environmentally viable in Australia and China. 777
Australia and China generate a large proportion of their electricity from coal, which has a 778 high emission factor per kWh of electricity generated, and thus strengthens the 779 environmental benefit of adopting the novel tri-generation system. Based on the data 780 presented in Figure 9 and Figure 12 , Denmark is currently the only country investigated 781 where the novel tri-generation system is both economically and environmentally viable. 782
Interestingly, the countries where the tri-generation system is not economically feasible 783 due to a low electrical unit cost are in general the countries in which the system is most 784 environmentally feasible i.e. Australia and China. This is primarily due to cheap electrical 785 generation from easily accessible, more polluting fuels such as low grade coal. 
Environmental assessment conclusions 793
The environmental assessment has demonstrated that the tri-generation system is 794 environmentally viable in almost all scenarios. In a UK energy system context the tri-795 base case. Over the investigated natural gas emission factor range, the tri-generation 797 system is always superior. The tri-generation system's environmental performance is not 798 directly influenced by changes in the electrical emission factor, however the base case is. 799
As a result, changes in the electrical emission factor have a marked impact on the relative 800 performance of the tri-generation system with respect to the base case system. The tri-801 generation system is environmentally viable when the electricity emission factor is greater 802 than 0.23kg CO2.kWh Environmental performance is closely linked to electrical emission factor, and thus 833 performance is heavily country dependent. 834 (4) The countries, in which the system is environmentally viable, are in general the 835 counties in which the system is not economically feasible. This is primarily due to 836 the play off between cheap electrical generation from fossil fuels and more 837 expensive cleaner electrical generation from renewables or nuclear. 
